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Abstract HeT-A elements are non-long terminal repeat retro-
transposons added onto the Drosophila chromosome ends. We
have investigated the formation in vitro of higher order structures
by oligonucleotides derived from the 3P non-coding region of
HeT-A elements and found that they are capable of forming
G-quadruplex DNA. These results suggest that the 3P repeat
region of HeT-A may structurally behave as the telomeric
repeats common to a majority of eukaryotes. The presence of
structural motifs shared by telomeres and centromeres and the
implications of these findings for chromosome evolution are
discussed.
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1. Introduction
Telomeres are specialized nucleoprotein structures at the
ends of linear chromosomes that are essential to maintain
the chromosome integrity. In most eukaryotes, telomere
DNA sequences are tandems of a very short simple sequence
characterized by clusters of guanines oriented 5P to 3P towards
the end of the chromosome. This guanine-rich strand is syn-
thesized by a cellular reverse transcriptase, the ribonucleopro-
tein telomerase, using a short region within its RNA compo-
nent as template [1]. The telomeric DNA replenishment by
telomerase compensates for the sequence loss that results
from incomplete DNA replication of the ends of linear chro-
mosomes. The conservation of G-rich telomeric sequences has
suggested that the telomere function depends in some way on
the inherent ability of G-clusters to form a speci¢c structure
(reviewed by Blackburn [2] and Rhodes and Giraldo [3]). Sin-
gle-stranded G-rich telomere DNA can adopt, in vitro, a va-
riety of non-canonical conformations, such as intramolecular
fold-backs and tetra-stranded DNA structures called G-quad-
ruplex DNA or G-DNA, in which the strands are held togeth-
er by the formation of Hoogsteen hydrogen bonding between
guanines (reviewed by Rhodes and Giraldo [3] and Sen and
Gilbert [4]). Although the demonstration of the existence of
these structures in functional telomeres in vivo has not yet
been achieved, the Oxytricha telomere binding protein [5]
and the yeast RAP1 [6,7] accelerate the folding of G-quadru-
plexes by those oligomers and a nuclease speci¢c for G-quad-
ruplex DNA has been identi¢ed [8].
Dipterans have slightly di¡erent, but in the long run equiv-
alent, mechanisms to conserve the telomeric integrity by add-
ing non-coding sequences to chromosome ends. Chironomus
has long complex repeats at their chromosome ends [9] and
the telomeres of Drosophila melanogaster are made primarily
of tandem arrays of complete and partial HeT-A elements
(non-long terminal repeat (LTR) retrotransposons) [10]. Be-
sides HeT-A elements, some telomeres also carry sequences of
TART, another non-LTR telomeric-speci¢c retrotransposon
[11]. HeT-A elements are unusual retrotransposons because
they do not encode its own reverse transcriptase [12,13] and
have large 3P non-coding regions with imperfect repeats [14]
(Fig. 1A). The conservation of the irregular sequence repeats
among di¡erent HeT-A elements suggests that these sequences
may play a role in directing the chromatin structure by spe-
ci¢c protein binding [15].
The unexpected complexity of the dipterans telomeric se-
quences seems to challenge the requirement for the conven-
tional simple repeats with G-tracts. However, Blackburn
pointed out the possibility that this requirement is still present
to some degree, although now satis¢ed by the complex telo-
meric repeats [2]. Nowadays, there is evidence suggesting that
this seems to be the case. Nielsen and Edstrom [16] have
found that the complex telomeric repeats of Chironomus
have a G-rich strand and, like for short repeats, this strand
has its 3P end towards the end of the chromosome. Danilev-
skaya et al. [17] have realized that the 3P non-coding DNA of
D. melanogaster HeT-A has a strong strand asymmetry result-
ing in one strand being A-rich and they also noticed that
strong strand asymmetry is a characteristic of the telomer-
ase-generated repeats.
As an additional evidence, we demonstrate here that the 3P
non-coding region of the D. melanogaster HeT-A telomeric
retrotransposon contains sequences with propensity to under-
go in vitro G-quadruplex formation of the kind demonstrated
for the conventional G-rich telomeric sequences.
2. Materials and methods
2.1. Synthetic oligonucleotides
The oligonucleotides used in G-quartet studies were purchased from
Isogen and the sequences were as follows: Sacc1, 5P-ACTGTCGTA-
CTTGATATGTGGGTGTGTGTGGG-3P ; DmHc, 5P-TTTGAATT-
TTTGAGGTGTACATTGCGTGGGGTGAGTTTGGGGATTGG-
A-3P ; DmHt, 5P-AATTTTTGTTTTTTTTTCAGGTACATTAGA-
TGGGAGTTTGGGGGTAAG-3P. The oligonucleotides were 5P nd-
labeled by using [Q-32P]ATP and T4 polynucleotide kinase (Boehr-
inger-Mannheim) following the manufacturer’s protocol.
2.2. Quadruplex formation
The oligonucleotides at 10 mg/ml (5 Wg 5P 32P-labelled oligo and
45 Wg cold oligo in 5 Wl) in TE bu¡er (10 mM Tris-HCl pH 8, 1 mM
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EDTA), containing either 1 M KCl or 1 M NaCl, were denatured by
heating for 5 min at 94‡C and then cooled down to the incubation
temperature, either 37‡C or 60‡C. After two days of incubation, the
formation of G-quadruplex DNA was detected by non-denaturing gel
electrophoresis performed at room temperature in TBE bu¡er (90 mM
Tris-borate pH 8.3, 2 mM EDTA) containing 10 mM KCl.
2.3. Dimethyl sulfate (DMS) methylation protection
After G-quadruplex formation, the products were methylated by
incubation for 10 min at 25‡C with 1 Wl of DMS in 200 Wl of 50
mM sodium cacodylate pH 8, 1 mM EDTA. The reaction was
stopped by adding 50 Wl 1.5 M NaAc pH 7, 1 M 2-mercaptoethanol,
100 Wg/ml tRNA. The DNA was then recovered by ethanol precip-
itation and redissolved in 20 Wl of TE bu¡er prior to loading in a gel.
After separation of the di¡erent DNA species by electrophoresis, the
bands corresponding to monomer and the G4 complexes were cut out
and extracted overnight at 37‡C in 1^2 volumes 0.5 M NH4Ac,
10 mM (Ac)2Mg, 1 mM EDTA pH 8, 0.1% SDS. After ethanol
precipitation, the methylated DNA was cleaved for 30 min at 90‡C
with 70 Wl of freshly prepared 10% piperidine and analyzed in 12%
polyacrylamide denaturing gels run in 50 mM TBE bu¡er.
3. Results and discussion
D. melanogaster has an evolutionary conserved dodeca-sat-
ellite DNA at the centromere of chromosome 3 [18]. This
satellite has a G/C strand asymmetry and contains homopur-
ine tracts very similar to those present in telomeric DNA.
Moreover, as found in conventional telomeric DNA, the do-
deca-satellite G-strand is capable of forming intramolecular
fold-back structures [19]. We have recently found a tandem
array of HeT-A- and TART-related sequences at the centro-
mere of the Y chromosome (Agudo et al., submitted). During
the study of this new centromeric satellite, we have found that
its T-rich strand contains short runs of guanines. This made
us realize something that might be signi¢cant. In the telo-
meres, this strand is oriented with the 3P end towards the
end of the chromosome, like the GT-rich strand of typical
telomeric DNA. Therefore, these two apparently di¡erent cen-
tromeric satellites share similarities with telomerase-generated
repeats. This observation has induced us to think that telo-
meres may require sequences capable of forming G-quadru-
plex and that the functional properties of centromeric sequen-
ces could also be related to its ability to form unusual DNA
structures.
To get more evidences that could support this hypothesis,
we have studied the conformational properties of oligonucleo-
tides derived from the 3P non-coding region of telomeric and
centromeric HeT-A elements. The oligonucleotide DmHt was
taken from one subunit of the central cluster of repeated seg-
ments that are found in the non-translated region of RT473, a
HeT-A element that has recently transposed to heal a termi-
nally deleted chromosome [14] (Fig. 1B). The oligonucleotide
DmHc derived from the published 356 repeat sequence [20],
the tandem of non-coding HeT-A- and TART-related se-
quences that we have found at the centromere of the Y chro-
mosome (Agudo et al., submitted). As a control, we used the
oligonucleotide Sacc1, that contains a sequence derived from
the Saccharomyces cerevisiae telomere consensus and was pre-
viously shown to form parallel-stranded quadruplexes (G4
complexes) in sodium solutions and anti-parallel quadruplexes
(GP2 complexes) in potassium solutions [21] (Fig. 2). We ex-
amined the electrophoretic mobility of these three oligonu-
cleotides after a prolonged incubation with sodium or potas-
sium ions. The electrophoretic patterns obtained are shown in
Fig. 2. Each sequence forms slow-migrating species, an indi-
cation that the oligonucleotides were capable of adopting
higher order structures. The formation of these retarded spe-
cies was found to be e⁄cient using incubations at both 37‡C
Fig. 1. (A) Scheme of the HeT-A retrotransposon structure. (B) Par-
tial sequence of the central cluster of pseudorepeats that are found
in the non-translated region of RT473, an HeT-A element found in
a recently healed telomere of D. melanogaster. The presence of two
types of 80 bp pseudorepeats (indicated by a single and double ar-
row) shows a higher order structure of 160 bp.
Fig. 2. The e¡ect of sodium and potassium on the formation of G-
quadruplex structures by the oligonucleotides Sacc1, DmHt and
DmHc. Monomer (m), GP2 complex (GP2) and G4 complex (G4).
The temperatures of incubation are indicated.
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and 60‡C, but the higher temperature stimulated the produc-
tion of more homogeneous species. The behavior of DmHt
and DmHc was similar to the known behavior of Sacc1.
When the oligonucleotides were incubated in the presence of
sodium, the formation of G4 complexes was favored, while
the use of potassium increased the formation of GP2 com-
plexes.
Finally, methylation protection was tested on the slow-mi-
grating species to determine which guanines were involved in
G-quartet structures. Fig. 3 shows the methylation-protection
pattern for G4 complexes derived from DmHt. This analysis
indicates that the two blocks of contiguous guanines were
e⁄ciently protected from methylation relative to the mono-
mer. In addition, the guanine at position 23 was also pro-
tected from methylation, but to a lower degree. Thus, all
the data presented indicate that the non-coding region of
HeT-A elements contains sequences capable of forming G-
quartet structures in vitro. Therefore, these observations allow
us to propose that the 3P repeat region of HeT-A may struc-
turally behave as the telomeric repeats common to a majority
of eukaryotes and to suggest that the universal requirement of
a telomere sequence could be its capability to confer a special
DNA secondary structure.
Many centromeric satellites from vertebrate, plant and Dro-
sophila species present the G/C strand asymmetry character-
istic of telomeric repeats and some of these satellites have
been shown to be capable of forming unusual DNA structures
[19,22]. In addition, the structure of the RP1-DNA binding
subdomain from the human centromeric protein CENP-B is
essentially the same as the DNA binding domains of the S.
cerevisiae telomeric protein RAP1 [23,24] and this protein fold
is common to telomere repeat binding proteins from di¡erent
species [25]. Finally, molecular studies in Caenorhabditis ele-
gans [26] and in Schizosaccharomyces pombe [27] have shown
that telomeric sequences play a role in chromosome move-
ment. All these results suggest the presence of common struc-
tural motifs in centromeres and telomeres. In fact, in the Y
chromosome of D. melanogaster, the centromere contains a
complex satellite derived from telomeric HeT-A elements, sug-
gesting a telomeric origin of this centromere (Agudo et al.,
submitted). Based on these observations, it is tempting to
speculate that during the generation of the ¢rst linear chro-
mosomes and prior to the appearance of nowadays centro-
meres, the sequences added at the end of the chromosomes by
the ancestral telomerase had a selective advantage not only
due to their capping capability but also because of their cen-
tromeric-like properties.
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